The yeast Saccharomyces cerevisiae was genetically modified to assemble a minicellulosome on its cell surface by heterologous expression of a chimeric scaffoldin protein from Clostridium cellulolyticum under the regulation of the phosphoglycerate kinase 1 (PGK1) promoter and terminator regulatory elements, together with the b-xylanase 2 secretion signal of Trichoderma reesei and cell wall protein 2 (Cwp2) of S. cerevisiae. Fluorescent microscopy and Far Western blot analysis confirmed that the Scaf3p is targeted to the yeast cell surface and that the Clostridium thermocellum cohesin domain is functional in yeast. Similarly, functionality of the C. thermocellum dockerin domain in yeast is shown by binding to the Scaf3 protein in Far Western blot analysis. Phenotypic evidence for cohesin-dockerin interaction was also established with the detection of a twofold increase in tethered endoglucanase enzyme activity in S. cerevisiae cells expressing the Scaf3 protein compared with the parent strain. This study highlights the feasibility to future design of enhanced cellulolytic strains of S. cerevisiae through emulation of the cellulosome concept. Potentially, Scaf3p-armed yeast could also be developed into an alternative cell surface display strategy with various tailormade applications.
Introduction
Imminent declines in fossil fuel reserves have stimulated extensive research efforts in the last few decades to exploit lignocellulosic material for potential bioethanol production. Although crystalline cellulose are particularly recalcitrant to enzymatic degradation, certain cellulolytic anaerobic microorganisms (both bacteria and fungi) have developed the ability to efficiently hydrolyze cellulose by means of specialized macromolecular complexes, called cellulosomes (Schwarz, 2001; Lynd et al., 2002; Doi et al., 2003; Doi & Kosugi, 2004; Bayer et al., 2004; Demain et al., 2005; Desvaux, 2005; Doi, 2006; Tardif et al., 2006; Zverlov & Schwarz, 2006) . Bacterial cellulosomes are typically composed of a noncatalytic scaffolding protein, the scaffoldin, containing several cohesin domains, which bind strongly to the dockerin domains of several catalytic subunits, which include cellulases, hemicellulases, pectinase, chitinase and other auxiliary enzymes that act synergistically to efficiently degrade plant cell wall polysaccharides (Doi et al., 2003) . The presence of carbohydrate-binding modules (CBMs), multiple cohesin domains and an array of hydrolytic enzymes that act in a coordinated and synergistic fashion, enables these microorganisms to effectively target and concentrate their hydrolytic action to their immediate environment, leading to the efficient degradation of different types of plant cell wall polysaccharides in a concerted effort with noncellulosomal carbohydrate-active enzymes. Essentially, microorganisms using the cellulosome strategy exceed the hydrolytic potential of noncellulosomal systems described for various aerobic microorganisms due to enhanced structural organization, binding to the substrate and the large collection of different types of hydrolytic enzymes working together synergistically and cooperatively with noncellulosomal enzymes. To date, various carbohydrate-active enzymes have been expressed in heterologous host cell systems in both a noncellulosome and a cellulosome fashion. The concept of FEMS Yeast Res 9 (2009) [1236] [1237] [1238] [1239] [1240] [1241] [1242] [1243] [1244] [1245] [1246] [1247] [1248] [1249] expressing designer cellulosomes, containing a mix-andmatch configuration of parts from different cellulosomes, in a suitable industrial host cell system has also drawn considerable attention as an attractive strategy to produce large quantities of highly active cellulases or cellulosomes with obvious benefits for processes such as simultaneous saccharification and fermentation and consolidated bioprocessing (Lynd et al., 2005; Bayer et al., 2007) . Host microorganisms to date engineered with designer cellulosomes include Escherichia coli (Fierobe et al., 2001 (Fierobe et al., , 2002 , Bacillus subtilis (Cho et al., 2004) , Clostridium acetobutylicum (Kim et al., 1994; Sabathe & Soucaille, 2003; Perret et al., 2004a, b; Mingardon et al., 2005) and Aspergillus niger (Levasseur et al., 2004) . The major drive for applying a cellulosomebased strategy for heterologous expression of carbohydrateactive enzymes lies in the fact that the success of engineering a microorganism for efficient cellulose degradation is defined not by the improvement of individual enzymes, but by how the different cellulases work in synergy to overcome the recalcitrant nature of cellulose. Although dozens of saccharolytic enzymes have been functionally expressed in Saccharomyces cerevisiae (Lynd et al., 2002) , expression of these enzymes as a cellulosome has only recently been attempted. Kondo and colleagues took the first step in that direction, recently, by constructing a whole-cell biocatalyst with the capacity to induce synergistic and sequential cellulose degradation activity through the codisplay of three types of cellulolytic and hemicellulolytic enzymes on the cell surface of the yeast S. cerevisiae (Fujita et al., 2004; Katahira et al., 2004) . Furthermore, yeast strains displaying an endoglucanase, fused with several CBMs, showed increased binding affinity and hydrolytic activity (Ito et al., 2004) , while Kohda et al. (2008) demonstrated the successful expression of an artificial scaffoldin protein from Clostridium thermocellum in S. cerevisiae (US Patent application US 2009/0035811). Microbial cell surface display has received extensive research coverage with prospective applications in vaccine development, gene therapy, cell-based diagnostics, highthroughput polypeptide library screening, whole-cell biocatalysis, bioremediation, biosensors and even biofuels production (Chen & Georgiou, 2002; Wu et al., 2008) . Microbial cell surface display systems are typically based on the expression of translational fusions of a carrier protein (encoding a cell wall-anchoring motif) and a passenger protein (encoding the desirable enzymatic activity) (Lee et al., 2003) . In yeast S. cerevisiae, several display systems have also been developed and applied with varying degrees of success (Ueda & Tanaka, 2000; Matsumoto et al., 2002; Wang et al., 2007; Yue et al., 2008) . Most of the cell surface display methods developed for S. cerevisiae, to date, are based on the agglutinin and flocculin model systems (Saleem et al., 2008) . These cell wall proteins, including aagglutinin, Aga1, Cwp1, Cwp2, Tip1p, Srp1 (Van der Vaart et al., 1995 , 1997 ), Flo1p (Theunissen et al., 1993 Tanino et al., 2007) , Sed1p (Hardwick et al., 1992) , Tir1p (Marguet et al., 1988) and YCR89W (Oliver, 1992) all contain the glycosyl phosphatidylinositol (GPI) signal motif and are covalently cross-linked to b-1,6-glucan in the cell wall. Several yeast strains have subsequently been reported to be equipped with a variety of functional displayed proteins including antibodies, enzymes and even combinatorial protein libraries (Breinig et al., 2006; Furukawa et al., 2006; Lee et al., 2006; Parthasarathy et al., 2006; Dü rauer et al., 2008) . Matsumoto et al. (2002) also described the successful tethering of a lipase to the yeast cell wall using the mannose-oligosaccharide binding property of the Flo1p lacking the GPI domain. The scaffoldin protein from the cellulosome of Clostridium species could act as a candidate carrier protein for cell surface displaying proteins in yeast with some potential benefits. First, the scaffoldin subunit is, in general, a relatively large (160-189 kDa), noncatalytic modular polypeptide containing a CBM and multiple copies (eight and nine in the case of Clostridium cellulolyticum and C. thermocellum, respectively) of cohesin modules spread over the length of the scaffold protein. The sheer size of the scaffoldin protein could theoretically increase the spacer length between the yeast cell surface and the displayed protein. Furthermore, the numerous linkers that connect the various cohesins and CBMs of the scaffoldins are expected to induce important conformational flexibility of the scaffoldin proteins (Hammel et al., 2005) . Secondly, bacterial scaffoldins are characterized by a high number of cohesin modules necessary to bind the numerous cellulosomal enzymatic subunits and this characteristic could potentially benefit a cell surface display system by minimizing putative cell wall perturbation effects by allowing lower expression levels of the anchor protein, while multiple copies of desirable target proteins could be attached via the cohesin-dockerin interactions. There seems to be little or no specificity in the binding among the various cohesins and the dockerins within a given species and the subunit assembly appears random (Fierobe et al., 2001) . However, the cohesin-dockerin interaction was shown to be species specific among at least three different bacterial species (Fierobe et al., 2005) . Lastly, the application of the scaffoldin protein as a cell wall display system adds a new dimension of modularity to cell surface engineering as tailor-made combinations of peptides could be displayed by adapting the designer cellulosome concept. The genes encoding for the scaffoldin and enzymatic subunits from the Clostridium species have been isolated, sequenced and characterized for functional protein domains (Bayer et al., 1998) . In this study, we set out to functionally express and target a hybrid miniscaffoldin, Scaf3p (Fierobe et al., 2001) , containing cohesins from both C. cellulolyticum and C. thermocellum to the yeast cell surface. Subsequently, we aimed to show functional cohesin-dockerin interaction on the yeast cell surface using a chimeric green fluorescent protein and a purified C. cellulolyticum endoglucanase both appended with a C. thermocellum dockerin.
Materials and methods

Microbial strains, media and culturing conditions
All yeast and bacterial strains used in this study and their relevant genotypes are listed in Table 1 . Escherichia coli cells were grown in Luria-Bertani broth (BioLab, Midrand, South Africa) at 37 1C (Sambrook et al., 1989) . Ampicillin for selecting and proliferating transformants was added to a final concentration of 100 mg mL 1 . Saccharomyces cerevisiae cells were grown at 30 1C in either a synthetic medium, SC ura [containing 2% glucose, 0.67% yeast nitrogen base without amino acids (Difco Laboratories, Detroit, MI), 0.13% amino acid stock solution (Ausubel et al., 1994) lacking uracil] or in a rich medium, YPD (containing 1% yeast extract, 2% peptone and 2% glucose). For recombinant strains expressing the GFPmut2p, the media was supplemented with 50 mM HEPES buffer (pH 7.0) to eliminate loss of fluorescence due to media acidification. Solid media contained 2% agar (Difco Laboratories) was also used for transformant selection and maintenance.
Recombinant DNA manipulations
Standard procedures for the isolation and manipulation of DNA were used throughout this study (Sambrook et al., 1989) . Restriction enzymes, T4 DNA Ligase and Expand HiFidelity DNA polymerase (Roche Diagnostics, Mannheim, Germany) were used in the enzymatic manipulation of DNA, according to the specifications of the supplier.
Overview of cloning strategy
With the aim of expressing part of the Clostridium cellulosome on the cell surface of S. cerevisiae, a previously described scaf3 chimeric construct (see pETscaf3, Fierobe et al., 2001) was subcloned in frame with the Trichoderma reesei XYN2 secretion signal and the S. cerevisiae cell wall protein 2 (Cwp2) for GPI-mediated anchoring in the yeast cell wall. The scaf3 expression cassette was placed under the constitutive control of the S. cerevisiae PGK1 promoter and terminator sequences. The scaf3 chimeric construct is based 
This study ) coding for 10 alanine amino acids provided improved protein folding and expression of green fluorescent fusion proteins (GFPs). Plasmids constructed in this study are shown in Fig. 1 . Primers used in this study to PCR amplify the fragments of the different genes are listed in Table 2 . Plasmid DNA was used as a template to amplify the respective gene fragments (refer to Table 1 for details). All the PCR-generated fragments were subcloned into the pGEM-T-Easy vector system (Promega, Madison, WI) before automated sequencing (3130XL Genetic Analyzer, Applied Biosystems) to identify possible amplification artefacts. Furthermore, all final genetic constructs were again subjected to automated sequencing to confirm in-frame fusions.
Genetic construction of the scaf3 expression vectors
The multicopy episomal S. cerevisiae-E. coli shuttle vector pDLG59 (La Grange, 1999) , containing the promoter (PGK1P) and terminator (PGK1T) sequences of the yeast phosphoglycerate kinase I gene (PGK1), as well as the gene (CWP2) for the cell wall-binding domain of the Cwp2, was used. The 121-bp XYNSEC (T. reesei XYN2 secretion signal) PCR-generated fragment containing its native start codon was digested using the built-in EcoRI and BglII sites and cloned into pDLG59, thus generating pMBRE1 (plasmid map not shown). The 1758-bp scaf3 PCR-generated fragment (with native start and stop codon excluded) was digested using the built-in BglII site and cloned into pMBRE1, thereby generating pMBRE2 containing the PGK1P-XYNSEC-scaf3-CWP2-PGK1T expression cassette ( Fig. 1) . To construct the alterative expression vector with the Cwp2 domain in front of the Scaf3 protein, the 208-bp CWP2 PCR-generated fragment (with native stop codon excluded) was digested using the built-in BglII and XhoI 
XhoI RE, restriction enzyme site. Restriction enzyme sites included in primer sequences for cloning purposes are indicated in bold, while linker sequences are indicated by underlined text. Linker = GGATCCGCTGGCTCCGCTGCTGGTTCTGGCGAATTC coding for the flexible linker (GSAGSAAGSGEF); Ala10 = GCTGCTGCTGCTGCTGCTGCTGCTGCTGCT coding for 10 alanine amino acids.
sites and cloned into pMBRE1, resulting in pMBRE20 (plasmid map not shown). To complete this construct, a 1758-bp scaf3 PCR-generated fragment (with native ATG excluded but stop codon retained) was digested with SalI and cloned into XhoI-digested pMBRE20, thereby creating pMBRE21 containing the PGK1P-XYNSEC-CWP2-scaf3-PGK1T expression cassette (Fig. 1) .
Genetic construction of the gfpmut2-Dockct
expression vectors (Fig. 1) The 717-bp PCR-generated gfpmut2 fragment (with native start and stop codon excluded) was digested using the builtin BglII and XhoI sites and subcloned into pHVXII (Volschenk et al., 1997) , creating pMBRE3 (plasmid map not shown). The 267-bp PCR-generated C. thermocellum dockerin fragment (Dockct) (with its native stop codon intact and coding for the dockerin domain AKTSPSPSTKLY GDVNDDGKVNSTDAVALKRYVLRSGISINTDNADLNED GRVNSTDLGILKRYILKEIDTLPYKN, containing one of the linker sequences (Linker or Ala10) were digested with XhoI, and cloned into the pMBRE3 vector, thereby generating pMBRE4-A (containing the Ala10-Linker) and pMBRE4-B (containing Linker sequence), respectively (plasmid maps not shown). The two 1310-bp BglII-KpnI fragments containing the gfpmut2-Ala10-Dockct-PGK1T and gfpmut2-LinkerDockct-PGK1T cassettes were then isolated from pMBRE4-A and pMBRE4-B, respectively, and cloned into pMBRE1, containing XYNSEC, resulting in pMBRE5-A containing the PGK1P-XYNSEC-gfpmut2-Ala10-Dockct-PGK1T expression cassette and pMBRE5-B containing the PGK1P-XYNSEC-gfpmut2-Linker-Dockct-PGK1T expression cassette (Fig. 1 ).
Bacterial and yeast transformations
All bacterial transformations and the isolation of DNA were carried out according to standard protocols (Sambrook et al., 1989) . All yeast transformations were performed according to the standard lithium acetate procedure (Ausubel et al., 1994) . Yeast transformants were plated on SC ura plates and incubated for 3 days at 30 1C.
Immunofluorescent and GFP detection of cell surface displayed Scaf3p
The parent NI-C-D4 yeast strain and transformants, NI-C-D4(pMBRE2) and NI-C-D4(pMBRE21), were grown overnight at 30 1C in SC complete and SC ura media, respectively. After culturing, 2 mL of cells were centrifuged at 5000 g for 3 min and washed with 1 mL 1 phosphate-buffered saline (PBS) solution, pH 7.0. For immunofluorescent detection, the cells were resuspended in 200 mL 1 PBS containing 1% bovine serum albumin (BSA) and 1 : 500 primary antibody raised against the CBM of the Scaf3p (rabbit anti-CBM; Perret et al., 2004a, b) and incubated for 1 h at room temperature while slowly shaking. The cells were washed with 1 PBS and resuspended in 200 mL 1 PBS containing 1% BSA and goat anti-rabbit immunoglobulin G (IgG)-AlexaFlour 488 (1 : 250, 2 mg mL 1 , Invitrogen) and incubated for 1 h at room temperature while slowly shaking. The cells were washed three times with 1 PBS and resuspended in 200 mL 1 PBS and viewed using a fluorescent microscope at 1000 magnification (Nikon Eclipse E400, Nikon). For GFP detection, the cells of the parent NI-C-D4 yeast strain and transformants, NI-C-D4(pMBRE2) and NI-C-D4(pMBRE21), were resuspended in 200 mL PBS and incubated for 1 h with 1 mL concentrated supernatant of yeast transformed with pMBRE5-A containing the PGK1P-XYNSEC-gfpmut2-Ala10-Dockct-PGK1T expression cassette or pMBRE5-B containing the PGK1P-XYNSEC-gfpmut2-Linker-Dockct-PGK1T expression cassette (the concentrated supernatants were prepared as described below for largescale extracellular protein fractions). The cells were washed supernatant was stored at 20 1C. For SDS-PAGE analysis, 30 mg of each sample containing the large-scale concentrated extracellular protein fraction was loaded onto SDS-PAGE gels.
Isolation of intracellular proteins fractions
For the isolation of the intracellular protein fractions, the YeastBuster protein extraction reagent (Novagen, Merck, Darmstadt, Germany) was used. A 10 mL SC ura yeast preculture was grown overnight at 30 1C and inoculated three times with 1 PBS and resuspended in 200 mL into 100 mL SC ura medium and grown overnight at 30 1C.
1 PBS and viewed using a fluorescent microscope at 1000 magnification (Nikon Eclipse E400, Nikon).
Cellulose-binding capacity of S. cerevisiae expressing the cell wall-targeted Scaf3 protein
Cellulose binding capacity, as mediated by the Scaf3p CBM, was used to visually detect the cell wall-targeted expression of the Scaf3 protein in S. cerevisiae. Cells of NI-C-D4 and NI-C-D4(pMBRE2) from overnight precultures were inoculated at the same cell density (OD600 nm 0.05) and cultured for 72 h at 30 1C in 100 mL selective media (as described above) containing Whatman s 3 MM Chr filter paper (cut to size, 2 2 cm) (Whatman International Ltd, UK). After After culturing, 60 mL of cells were centrifuged at 5000 g for 5 min at 4 1C and 1 g yeast cells were treated with 5 mL YeastBuster reagent and 50 mL 100 Tris(hydroxypropyl) phosphine reducing agent according to the manufacturer's specifications. The isolated proteins were stored at 20 1C. Similarly, 30 mg of each sample containing the intracellular protein fraction was subjected to SDS-PAGE analysis.
Isolation of membrane-associated and cell wallassociated protein fractions
Proteins were isolated based on adapted procedures of Bèki et al. (2003) and Del Carratore et al. (2000) . A 10 mL SC ura yeast preculture was grown overnight at 30 1C and inocuura culturing, the Whatman filter paper was removed carefully lated into 100 mL SC medium and grown overnight at so as not to disturb the straight cut edges and rinsed three times with excess 50 mM HEPES buffer (pH 7.0) before microscopic examination (Nikon Eclipse E800, 1000 magnification). A total of ten fields for both NI-C-D4 and 30 1C. After culturing, 60 mL of cells were centrifuged at 5000 g for 5 min at 4 1C ( 1 g yeast cells). The cells were resuspended in 10 mL HCS buffer [50 mM HEPES, 10 mM calcium chloride (CaCl2) pH 7, 2 mM sorbitol] and 1 NI-C-D4(pMBRE2) were examined to rule out cellulose-1 mg Zymolyase T20 g cells were added and incubated for binding artefacts.
Isolation of extracellular protein fractions
Yeast cells were grown overnight in 100 mL SC ura media and 15 mL was centrifuged for 5 min at 5000 g. The supernatant was transferred to an Amicon Ultra-15 centrifugal filter device (Millipore, Billerica, MA) and centrifuged in a swinging bucket rotor at 4 1C at 4000 g for 45 min. The 200 mL concentrated supernatant was transferred to a 1.5-mL Eppendorf tube and stored at 20 1C. For sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis, 30 mg of each sample containing the concentrated extracellular protein fraction was loaded onto SDS-PAGE gels.
For larger scale extracellular protein fraction isolation, the yeast strains were grown in 2 L SC ura medium overnight at 30 1C. The cultures were centrifuged and the supernatant applied to a Minitan apparatus, which concentrated the supernatant to 200 mL. The 200 mL supernatant was additionally concentrated to 10 mL using an Amicon Ultrafiltration Unit with a 10-kDa membrane. The concentrated 10 min or 1 h at 37 1C for cell wall-associated or membraneassociated proteins, respectively. After Zymolyase treatment, cell suspensions were centrifuged at 5000 g for 5 min and the supernatant decanted. The cell suspensions were washed twice with 10 mL HCS buffer at 5000 g for 5 min and resuspended in 10 mL HCS buffer. The cell wall-weakened cells (10-min Zymolyase treatment) and spheroplasts (1-h Zymolyase treatment) were sonicated (Omni-Ruptor 400, Omni International Inc.) on ice three times for 90 s at a 50% power setting followed by centrifugation at 12 000 g for 30 min. For the 10-min Zymolyase-treated cells, the pelleted fraction after centrifugation was considered to be the main cell wall-associated protein fraction (although this fraction will also be cross-contaminated with vacuolar, nuclear, plasma, endosomal as well as Golgi and endoplasmic reticulum membrane fractions). Similarly, for the 1-h Zymolyase-treated cells, the pellet after centrifugation was considered the main membrane-associated protein fraction, as most of the cell wall components would have been removed. The pellets obtained were resuspended in 2 mL HCS buffer and kept at 20 1C. As with the intracellular and extracellular protein fraction, 30 mg of each sample containing either the membrane-associated or cell wallassociated protein fraction was subjected to SDS-PAGE analysis.
Far Western blot detection of Scaf3p expressed in S. cerevisiae
For the detection of the heterologously expressed Scaf3p, the Cel5A-Dockct protein (5.3 mg protein mL 1 ; Mingardon et al., 2007) was used as a probe (Mingardon et al., 2005) . This protein is a C. cellulolyticum endoglucanase appended with a C. thermocellum dockerin (Fierobe et al., 2001 ). Cel5A-Dockct protein (1 mg) in 1 mL PBS was biotinylated on the lysine groups with a D-biotinoyl-e-aminocaproic acid-N-hydroxysuccinimide ester (biotin-7-NHS) as described by the manufacturer (Biotin protein labeling kit, Roche Diagnostics), i.e. 10 mL biotin-7-NHS solution (20 mg mL 1 ) was diluted 1 : 10 with dimethylsulfoxide and from this dilution (2 mg mL 1 ), 15 mL (30 mg) was added with stirring to the Cel5A-Dockct protein solution, followed by incubation for 2 h at 25 1C during gentle stirring. All four protein fractions (extracellular, intracellular, membrane associated and cell wall associated) isolated from NI-C-D4, NI-C-D4(pMBRE2) and NI-C-D4(pMBRE21) were separated by 12% (v/v) SDS-PAGE according to the method of Laemmli (1970) and transferred onto a polyvinylidene fluoride (PVDF) membrane (Millipore). Nonspecific binding was blocked by incubating (1 h at room temperature) the membrane with 3% blocking solution (nonfat dry milk powder in TBS buffer containing 50 mM Tris and 150 mM NaCl, pH 7.5). The membranes were incubated with 15 mM CaCl2 for 1 h at room temperature to promote the cohesin-dockerin interaction, which is calcium dependent. The membranes were then incubated (1 h at room temperature) with blocking solution containing the biotin-labelled Cel5A-Dockct (1 : 1000 dilution). Unbound proteins were washed off with 1 washing buffer (from the LumiGLO Reserve chemiluminescent substrate kit) three times for 5 min and a fourth time for 10 min. The membranes were then incubated with streptavidin-horseradish b-peroxidase conjugate (Roche Diagnostics) diluted in 3% blocking solution according to the supplier. The membranes were washed as above and the labelled proteins were detected using the LumiGLO Reserve chemiluminescent substrate kit (KPL, Silver Spring, MD).
Far Western blot detection of the dockerin domain expressed in S. cerevisiae
For the detection of the heterologously expressed dockerin domain (as part of a fusion protein with GFP), the Scaf3 protein (6 mg protein mL 1 ; Mingardon et al., 2007) was used as a probe and was biotinylated as described above. All four protein fractions isolated from NI-C-D4, NI-C-D4(pMBRE5-A) and NI-C-D4(pMBRE5-B) were separated by 12% (v/v) SDS-PAGE according to the method of Laemmli (1970) and transferred onto a PVDF membrane (Millipore). Nonspecific binding was blocked by incubating (1 h at room temperature) the membrane with 3% blocking solution (same composition as described above). The membranes were subsequently incubated with 15 mM CaCl2 for 1 h at room temperature followed by incubation (1 h at room temperature) with blocking solution containing the biotin-labelled Scaf3p (1 : 1000 dilution). Further washing steps and detection were performed as described above.
Yeast cell surface-associated endoglucanase enzyme activity assay
NI-C-D4 and NI-C-D4(pMBRE2) cells were grown for 72 h at 30 1C in 25 mL 2 SC complete and 2 SC ura medium, respectively, buffered with succinic acid (20 g L 1 ) and pH 6.0 (adjusted with sodium hydroxide). Cells (25 mL) were centrifuged at 3000 g for 3 min and washed with 1 mL 50 mM Tris-maleate buffer (pH 6.0) containing 5 mM CaCl2. Washed cell cultures were divided in half; 1 mL of NI-C-D4 supernatant (negative control) was added to half of the cells and 1 mL of 1 : 100 diluted Cel5A-Dockct protein (5.3 mg protein mL 1 ) to the other half. Cells were incubated for 1 h at room temperature, then washed three times with an excess volume of 50 mM Tris-maleate buffer, pH 6.0, containing 5 mM CaCl2. The cells were resuspended in 1 mL Tris-maleate buffer (50 mM, pH 6.0) containing 5 mM CaCl2 as well as 1% (w/v) low viscosity carboxymethylcellulose sodium salt (Sigma Aldrich, Germany) as substrate and incubated for 3.5 h at 37 1C while shaking. As a positive control 1 mL Cel5A-Dockct protein (final dilution of 1 : 100) in Tris-maleate buffer (50 mM, pH 6.0) containing 5 mM CaCl2 was also directly incubated for 3.5 h at 37 1C while shaking in the presence of 1% (w/v) low viscosity carboxymethylcellulose sodium salt. Endoglucanase activity was quantified as described by Bailey et al. (1992) and the reduced sugar was determined by dinitrosalicylic acid according to the standard method (Miller et al., 1960) . All assays were repeated in triplicate and their significance was statistically verified using the nonparametric Mann-Whitney U-test (Jones, 1973) .
Results
Expression and targeting of Scaf3p to the yeast cell surface
To visualize the scaffoldin protein on the cell surface of S. cerevisiae, an immunofluorescent detection method targeted at the Scaf3p CBM was used. NI-C-D4, NI-C-D4(pMBRE2) and NI-C-D4(pMBRE21) yeast cells were treated with rabbit anti-CBM and goat anti-rabbit IgG-Alexa Fluor 488 and subjected to fluorescent microscopy ( Fig. 2) . A clear granular green fluorescence was visible on the yeast cell surface of cells containing pMBRE2 (PGK1P-XYNSEC-scaf3-CWP2-PGK1T) (Fig. 2c) and not on the cells containing pMBRE21 (PGK1P-XYNSEC-CWP2-scaf3-PGK1T) or on the parent strain ( Fig. 2a and b, respectively) , indicating the presence of functional Scaf3p on the yeast cell surface expressing pMBRE2 and not pMBRE21.
The correct targeting and functioning of the Scaf3 protein on the cell surface of S. cerevisiae was further visualized using a simple qualitative inspection for the capacity of S. cerevisiae cells expressing the cell wall-targeted Scaf3 protein to bind to cellulose as mediated by the C. cellulolyticum Scaf3p CBM. Upon microscopic inspection of cells of S. cerevisiae strain NI-C-D4 and strain NI-C-D4(pMBRE2) cultured in the presence of Whatman s 3 MM Chr filter paper, yeast cell attachment to Whatman paper could clearly be detected in all 10 microscopic fields studied for the recombinant strain NI-C-D4(pMBRE2) (Fig. 3b) , but not for the parent strain NI-C-D4 (Fig. 3a) .
Confirmation of the C. thermocellum cohesin--dockerin interaction in S. cerevisiae
Additional evidence of the correct functioning and targeting of the Scaf3 protein to the yeast cell surface was obtained through the detection of cohesin-dockerin interaction. To confirm whether the C. thermocellum cohesin domain of the yeast cell surface-displayed Scaf3 protein is functional, four different protein fractions (intracellular, extracellular, membrane associated and cell wall associated) were isolated from yeast cells containing pMBRE2 (PGK1P-XYNSEC-scaf3-CWP2-PGK1T) and pMBRE21 (PGK1P-XYNSEC-CWP2-scaf3-PGK1T) and subjected to SDS-PAGE and Far Western blot analysis (Fig. 4a) . Binding of purified biotinylated Cel5A-Dockct to the C. thermocellum cohesin module was detected in the membrane-associated (Fig. 4a, lane 5) and cell wall-associated protein fractions (Fig. 4a, lane 7) of the yeast containing pMBRE2. No chemiluminescent signal could be detected for the intracellular and extracellular protein fractions, even for the large-scale extracellular protein fraction isolation. Purified Scaf3 protein was used as a positive control (Fig. 4a, lane 2) . No cohesin-dockerin interaction could be detected in the membrane-associated and cell wall-associated protein fractions for the parent strain NI-C-D4 (Fig. 4a , lanes 3 and 6, respectively) and the NI-C-D4(pMBRE21) strain (Fig. 4a , lanes 4 and 8, respectively).
The Far Western blot results again confirmed that the Scaf3p could be functionally expressed and targeted to the cell wall of S. cerevisiae. Furthermore, we show that the yeast-produced cohesin domain (as part of the Scaf3 protein) is able to bind to a purified dockerin domain (as part of the Cel5A-Dockct protein). Also, the results from this Far Western blot indicated again that the orientation of Cwp2 module with regards to Scaf3p did influence scaffoldin functionality. However, although the final sequence of the pMBRE21 construct was confirmed, failed expression of this construct was not confirmed on mRNA and protein level, and thus cannot be ruled out. Furthermore, differences in the actual sizes of the recombinant Scaf3 protein compared with the purified Scaf3 protein (62.4 kDa) could be explained by a combination of either a high degree of glycosylation of the Scaf3p expressed in S. cerevisiae or impaired mobility in the SDS-PAGE analysis due to overloading of membrane-associated and cell wall-associated protein fractions to achieve significant signal detection levels.
Functional GFPmut2-Dockct fusion expression, specific localization and dockerin--cohesin interaction
To determine whether a yeast-produced dockerin domain (as part of a GFPmut2-Dockct fusion) is able to bind the cohesin domain of a Scaf3 protein, the green fluorescent protein (GFPmut2) was fused in frame with the C. thermocellum dockerin domain and separated by two different linkers to facilitate proper folding. When yeast transformants containing pMBRE5-A (PGK1P-XYNSEC-gfpmut2-Ala10-Dockct-PGK1T) and pMBRE5-B (PGK1P-XYNSECgfpmut2-Linker-Dockct-PGK1T) were viewed under a fluorescent microscope, green fluorescence was visible throughout the whole cell (results not shown). However, fluorescent microscopy after the NI-C-D4(pMBRE5-A) and NI-C-D4(pMBRE5-B) supernatants (concentrated from 2 L supernatant) were incubated in the presence of cells of strain NI-C-D4(pMBRE2) did not show any significant GFPmediated fluorescence of the Scaf3 protein anchored in the S. cerevisiae cell wall. Subsequently, all four protein fractions (intracellular, extracellular, membrane associated and cell wall associated) isolated from NI-C-D4, NI-C-D4(pMBRE5-A) and NI-C-D4(pMBRE5-B) were subjected to SDS-PAGE and Far Western blot analysis using biotinylated Scaf3p as a probe to determine where the GFPmut2-Dockct fusion proteins are located and whether the Dockct domain is functional (Fig. 4b) . The GFPmut2-Dockct fusion proteins (expected size of 38 kDa, i.e. 31 kDa for GFPmut2 and 7 kDa for Dockct) were only detected in the membrane-associated fraction (Fig. 4b, lanes 4 and 5) , as well as in the cell wallassociated protein fraction (Fig. 4b, lanes 7 and 8) . As shown in Fig. 4b , the fusion protein containing the flexible linker (Fig. 4b, lanes 5 and 8) seemed to be more abundant than the GFPmut2-Dockct protein, in which the C-terminal dockerin module is connected to the GFPmut2 domain with a polyalanine linker (Fig. 4b, lanes 4 and 7) . Furthermore, two protein bands (38 and c. 39 kDa) for the GFPmut2-Dockct fusion protein were always detected, which might perhaps indicate the occurrence of glycosylation by the yeast. The membrane-associated and cell wall-associated protein fractions of the parent strain (Fig. 4b , lanes 3 and 6) did not show any interaction with the Scaf3p, whereas the purified Cel5A-Dockct protein (51.6 kDa) was used as positive control and showed a clear interaction with Scaf3p (Fig. 4b, lane 2) . Although the GFPmut2-Dockct fusion protein could not be used for direct fluorescent detection of heterologously expressed Scaf3p on the yeast cell surface, Far Western blot analysis still provided proof that the C. thermocellum dockerin domain is correctly et al., 2001, 2002) . Lane 3, membrane-associated protein fraction isolated from Saccharomyces cerevisiae NI-C-D4 parent strain. Lane 4, membrane-associated protein fraction isolated from S. cerevisiae NI-C-D4(pMBRE21) strain. Lane 5, membrane-associated protein fraction isolated from S. cerevisiae NI-C-D4(pMBRE2) strain. Lane 6, cell wall-associated protein fraction isolated from S. cerevisiae NI-C-D4 parent strain. Lane 7, cell wall-associated protein fraction isolated from S. cerevisiae NI-C-D4(pMBRE2) strain. Lane 8, cell wall-associated protein fraction isolated from S. cerevisiae NI-C-D4(pMBRE21) strain. (b) Far Western blot detection of the recombinant GFPmut2-Dockct fusion proteins using biotinylated Scaf3p. Lane 1, biotinylated SDS molecular weight marker B2787 (Sigma Aldrich). Lane 2, purified Cel5A-Dockct protein from Clostridium thermocellum. Lane 3, membrane-associated protein fraction isolated from S. cerevisiae NI-C-D4 parent strain. Lane 4, membrane-associated protein fraction isolated from S. cerevisiae NI-C-D4(pMBRE5-A) strain. Lane 5, membrane-associated protein fraction isolated from S. cerevisiae NI-C-D4(pMBRE5-B) strain. Lane 6, cell wall-associated protein fraction isolated from S. cerevisiae NI-C-D4 parent strain. Lane 7, cell wallassociated protein fraction isolated from S. cerevisiae NI-C-D4(pMBRE5-A) strain. Lane 8, cell wall-associated protein fraction isolated from S. cerevisiae NI-C-D4(pMBRE5-B) strain.
translated and functional in S. cerevisiae, as indicated by its interaction with the cohesin domain of the biotinylated Scaf3 protein. These Western blot results also suggest that the GFPmut2-Dockct fusion protein was not sufficiently secreted, as no signal could be detected with the biotinylated Scaf3p in the extracellular protein fractions (even with the large-scale protein concentration), with similar results for the intracellular protein fractions of NI-C-D4(pMBRE5-A) and NI-C-D4(pMBRE5-B).
Yeast cell surface-associated endoglucanase enzyme activity mediated through Scaf3p
As a final confirmation of the functional expression and targeting of the Scaf3p to the yeast cell surface, yeastacquired endoglucanase enzyme activity was determined in the yeast NI-C-D4 and NI-C-D4(pMBRE2) (containing the PGK1P-XYNSEC-scaf3-CWP2-PGK1T expression cassette) incubated in the presence of purified Cel5A-Dockct protein and carboxymethylcellulose (Fig. 5) . Endoglucanase activity of the purified Cel5A-Dockct protein on carboxymethylcellulose in the absence of any yeast cells was taken as the 100% level (Fig. 5) . Cells of NI-C-D4(pMBRE2) showed a twofold increase in endoglucanase activity (28% of maximum activity) over the parent strain NI-C-D4 (14% of maximum activity). Although it was clear from the results that nonspecific binding of purified Cel5A-Dockct protein to the cells of NI-C-D4 was present, the increase in endoglucanase activity between cells of NI-C-D4(pMBRE2) and NI-C-D4 was calculated as significant (P o 0.05, twotailed test) using the statistical Mann-Whitney U-test. As an additional control to measure any possible native or background endoglucanase enzyme activity in the experimental set-up, the supernatant from NI-C-D4 cells was also added to half of the washed NI-C-D4 and NI-C-D4(pMBRE2) cell suspensions instead of the purified Cel5A-Dockct protein.
No detectable endoglucanase enzyme activity could be measured in the NI-C-D4 supernatant under these conditions (data not shown), and it was thus considered an insignificant contributing factor.
Discussion
In this study, we genetically modified the yeast S. cerevisiae to assemble a minicellulosome on its cell surface. Despite this apparent inability of this yeast to secrete the GFPmut2-Dockct fusion product, and subsequent inability to demonstrate scaf3p-mediated GFPmut2-Dockct localization to the yeast cell surface, the functionality of the recombinant C. thermocellum dockerin domain could still be confirmed by the successful binding to the biotinylated Scaf3p in Far Western blot analysis. Again, the four different isolated protein fractions (secreted, intracellular, membrane associated and cell wall associated) from the parent strain (NI-C-D4) and the two transformed strains, NI-C-D4(pMBRE5-A) and NI-C-D4(pMBRE5-B), containing the GFPmut2-Dockct expression cassettes, were subjected to SDS-PAGE and Far Western blot analysis. The GFPmut2-Dockct fusion protein was only detected in the membraneassociated and cell wall-associated protein fractions and not in the secreted and intracellular fractions. However, when yeast cells expressing the GFPmut2-Dockct protein were viewed under fluorescence microscopy (data not shown), strong green fluorescence of the entire cell was clearly visible, indicating that correct folding of the GFPmut2 domain has occurred, as the GFP fluorophore formation occurs only upon acquisition of its native b-barrel structure (Chang et al., 2005) . The absence of detectable GFPmut2-Dockct in the intracellular and extracellular protein fractions with the Far Western blots suggests that some of the yeast-produced GFPmut2-Dockct fusion protein is probably stuck within the secretory pathway of the yeast cell, hence its association with the membrane-and cell wall-associated protein fractions. However, the inability to detect GFPmut2-Dockct fusion proteins intracellularly or extracellularly could also be due to spontaneous proteolysis of the dockerin module by host proteases upon release of the GFPmut2-Dockct fusion protein from the cell, as already observed for heterologous secretion by bacteria (Mingardon et al., 2005) . As a final confirmation, the functionality of the Scaf3 protein targeted to the cell surface of S. cerevisiae was shown by the ability of an endoglucanase enzyme (Cel5A-Dockct protein) to tether to the yeast cell surface in the recombinant yeast expressing the chimeric Scaf3 protein with a C-terminal Cwp2 domain [NI-C-D4(pMBRE2)]. Compared with the parent yeast strain, the recombinant yeast expressing the Scaf3 protein showed a twofold increase in hydrolytic activity towards cellulose, indicating that significantly more of the endoglucanase enzyme bound to the yeast cell surface through the Scaf3p-cohesin : Cel5A-dockerin interaction than through nonspecific cell wall binding in the parent yeast strain lacking the Scaf3 protein. From these results, it was also clear that only a fraction (28%) of the total Cel5A-Dockct protein was able to bind to the yeast cell surface via a single cohesin-dockerin interaction, and we predict that increasing the number of cohesins to eight or nine, as found in the native scaffoldin protein, would further increase the ability of the yeast to tether endoglucanase enzyme to its cell surface.
In this study, we have shown the correct functioning of the cohesin and dockerin domains from the cellulosome of Clostridium in the yeast S. cerevisiae and that it is possible to genetically modify a yeast strain that assembles part of the Clostridium cellulosome on its cell surface. The cellulosome complex is of major interest from the viewpoint of both basic and applied research. Scaffoldins and cellulosomes were found to present important conformational flexibility (Hammel et al., 2005) . This plasticity is also supported by the dual binding mode, which was demonstrated for both the C. thermocellum and the C. cellulolyticum cohesindockerin interactions, allowing two different orientations of the dockerin-containing protein upon binding to the cognate cohesin (Pinheiro et al., 2008) . This study clearly indicates the potential in future to design strains of S. cerevisiae able to hydrolyze complex plant cell wall polysaccharides using the cellulosome model, which could potentially also be developed as a new flexible cell surface display platform.
